Unruptured intracranial aneurysms (UIAs) occur in ≈3% of the adult population,^[@R1]--[@R3]^ of whom ≈20% to 30% harbor multiple UIAs.^[@R4]^ Given the potentially devastating consequences of rupture of such aneurysms, development of preventive strategies for intracranial aneurysm formation is key. Yet, to develop such preventive strategies, detailed knowledge on cause is required. Over the last decades, several studies on risk factors for UIAs have been performed. However, these studies were generally performed in small, highly selected populations, including populations of patients with previous aneurysmal subarachnoid hemorrhage^[@R5]--[@R7]^ or patients with a genetically increased risk (eg, the Finnish population).^[@R5],[@R8],[@R9]^

Unfortunately, data on the cause of UIAs in unselected, community-dwelling individuals remain scarce. Therefore, it is important to assess the role of previously established major risk factors (eg, female sex, hypertension, and smoking^[@R6]--[@R8]^) in the general population, while also shedding light on additional potentially modifiable risk factors, including lifestyle and inflammation. Evidence shows that adhering to a healthy lifestyle, including, for example, a healthy diet and regular physical activity, decreases the risk of other cardiovascular diseases (CVDs), including stroke.^[@R10],[@R11]^ Nonetheless, little is known about an association between lifestyle, which consists of largely modifiable risk factors, and the presence of UIAs. Improved knowledge about the determinants is paramount and may provide important handholds for future prevention of intracranial aneurysms.

Besides preventing aneurysm formation, another way of preventing aneurysm rupture is by limiting its growth. Growth and size, which can be seen as a surrogate marker for aneurysms grown in the past, both have been shown to be associated with risk of aneurysm rupture.^[@R12]^ As the causes of aneurysmal growth are incompletely understood, it is important to first investigate novel potential determinants for increased aneurysm size.

Given the above, the aim of this study was to investigate the association of a broad range of determinants with presence and size of UIAs in the general adult population, with a focus on the role of lifestyle.

Methods
=======

Settings and Study Population
-----------------------------

This cross-sectional study was embedded in the Rotterdam Study, a population-based, prospective study cohort in over 14 000 adults aged 45 or over, located in Ommoord, a neighborhood in Rotterdam, the Netherlands.^[@R13]^ Ninety-six percent of the participants is of white descent. Participants were invited to undergo a range of extensive examinations at study entry and subsequently every 3 to 4 years at a dedicated study center. These examinations ranged from elaborate questionnaires to medical imaging, such as magnetic resonance imaging (MRI).

Since 2005, brain MRI examination has been incorporated in the study protocol and provided to all participants without contraindications as part of the Rotterdam Scan Study, which was embedded in the original Rotterdam Study. Between 2005 and 2015, 5841 unique persons have undergone MRI of the brain, which comprises the population for the current study. Assessment of UIAs was not incorporated in the original study aim but was part of a review of all scans for potentially relevant incidental findings.^[@R3]^

Requests to access the data set from qualified researchers trained in human subject confidentiality protocols may be sent to the Department of Epidemiology, Erasmus MC University Medical Center at <f.vanrooij@erasmusmc.nl>. The Rotterdam Study has been approved by the Medical Ethics Committee of the Erasmus MC (registration number MEC 02.1015) and by the Dutch Ministry of Health, Welfare and Sport (Population Screening Act WBO, license number 1071272-159521-PG). The Rotterdam Study has been entered into the Netherlands National Trial Register ([www.trialregister.nl](www.trialregister.nl)) and into the World Health Organization International Clinical Trials Registry Platform ([www.who.int/ictrp/network/primary/en/](www.who.int/ictrp/network/primary/en/)) under shared catalogue number NTR6831.^[@R13]^ All participants provided written informed consent to participate in the study and to have their information obtained from treating physicians.

Assessment of UIAs
------------------

A study-dedicated 1.5T MRI unit with an 8-channel head coil (General Electric Healthcare, Milwaukee) was used for brain MRI.^[@R14]^ The MRI protocol, as described elsewhere,^[@R13]^ consisted of 4 high-resolution axial sequences: a 3-dimensional T1-weighted sequence; a 2-dimensional proton-density-weighted (PDw) sequence; a 2-dimensional fluid-attenuated inversion recovery sequence; and a 3-dimensional T2-weighted gradient-recalled echo sequence. There was no administration of contrast material.

Per protocol, every brain MRI scan was rated within 2 weeks of acquisition for the presence of incidental findings by trained research physicians^[@R3]^ and assessed for intracranial aneurysms on the PDw sequence (see example in the Figure). All potential intracranial aneurysms reported by research physicians were reassessed by experienced neuroradiologists and were categorized properly for location and size. According to our management of incidental findings protocol,^[@R3]^ all persons with an aneurysm in the posterior circulation or an aneurysm \>7 mm in the anterior circulation were directly referred for further clinical evaluation. After subsequent clinical diagnostic imaging (ie, computed tomography angiography or magnetic resonance angiography), these participants were all proven to actually harbor a UIA, indicating a low false-positive rate. None of the participants had a history of subarachnoid hemorrhage at baseline.

![**Unruptured intracranial aneurysm on brain MRI.** Arrow indicates an aneurysm of the anterior communicating artery (diameter, 10 mm) on the proton-density-weighted image.](str-51-2103-g001){#F1}

All intracranial aneurysms, regardless of referral, were manually segmented by a single rater on axial PDw slices using MeVisLab 2.6.1 (MeVis Medical Solutions AG). Manual segmentation was used for a 3-dimensional reconstruction, yielding maximum diameter and volume for each aneurysm. For 4 participants, it was not possible to estimate maximum diameter or volume because of motion artifacts on the PDw scan. A random subset (n=20) of scans was segmented separately by an independent rater to assess the interrater intraclass correlation coefficient of maximum diameter (intraclass correlation coefficient=0.71) and volume (intraclass correlation coefficient=0.87).

Assessment of Determinants
--------------------------

We divided the potential determinants into 3 categories: cardiovascular, lifestyle, and emerging determinants. Cardiovascular determinants were body mass index hypertension, smoking, hypercholesterolemia, diabetes mellitus, and history of CVD. Height (cm) and weight (kg) were measured under standardized conditions, and body mass index was calculated as weight/height^2^ (kg/m^2^). Blood pressure was measured twice using a random zero sphygmomanometer, and the average was taken. Hypertension was defined as a systolic blood pressure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg, and/or use of blood pressure--lowering medication. Smoking status was acquired through home interviews and was categorized into never, former, and current smoking. Cholesterol and glucose levels were measured using fasting blood samples.^[@R15]^ Hypercholesterolemia was defined as total cholesterol concentration ≥6.2 mmol/L and/or use of lipid-lowering medication. Diabetes mellitus was defined as having fasting blood glucose concentrations \>7.0 mmol/L and/or nonfasting blood glucose \>11.1 mmol/L and/or use of glucose-lowering medication. CVD history was defined as having a history of stroke, myocardial infarction, or percutaneous coronary intervention.

Our assessment of lifestyle consisted of a diet adherence score, a physical activity score, and use of alcohol. Dietary intake was assessed with a validated self-administered food frequency questionnaire consisting of 389 items, based on which we evaluated the adherence (yes/no) of the participants to 14 items of the Dutch dietary guidelines. By adding the adhered items, a score between 0 and 14 was obtained, with a higher score reflecting better diet quality.^[@R16]^ Physical activity was assessed using the validated^[@R17],[@R18]^ Longitudinal Ageing Study Amsterdam (LASA) physical activity questionnaire, which contains questions about frequency and duration of a range of physical activities (walking, cycling, gardening, sports, and housekeeping^[@R16]^). For each participant, these data were converted into metabolic equivalent of task-hours per week.^[@R19]^ Finally, alcohol consumption was measured through home interviews and was converted to a universal unit (g/day, where 10 g of alcohol equals 1 glass).

Assessment of emerging determinants consisted of inflammatory markers (CRP \[C-reactive protein\] and white blood cell \[WBC\] count) and a hormonal marker (estradiol). These biomarkers were all obtained through a fasting blood sample.^[@R15]^

Statistical Analysis
--------------------

To assess the association of the determinants with the presence of UIAs, we used logistic regression models. In the first set of models (model 1), we investigated the determinants individually, while adjusting for sex and age. In the second set of models (model 2), we additionally adjusted for all cardiovascular determinants (body mass index, hypertension, smoking, hypercholesterolemia, diabetes mellitus, CVD history). As data on diet score, physical activity, alcohol intake, CRP, WBC count, and estradiol were only collected in specific subcohorts, we decided not to include these determinants in model 2 (see below). Associations of estradiol levels with UIAs were analyzed stratified by sex, given the fundamentally different distribution of estradiol levels between males and females.

To assess whether the potential determinants were associated with aneurysm volume, we used linear regression while adjusting for confounders using models 1 and 2. This analysis was limited to the 130 participants with aneurysms, in whom aneurysm volume could be calculated. We reported both models, as model 1 mainly serves a descriptive purpose, whereas model 2 primarily determines the independent relationship of the determinants with UIA presence and volume.

In the total cohort, we had missing values for body mass index (0.4%), hypertension (0.5%), systolic blood pressure and diastolic blood pressure (0.4%), blood pressure--lowering medication (0.6%), smoking status (0.6%), total cholesterol and non-HDL (high-density lipoprotein) cholesterol (1.7%), lipid-lowering medication (0.6%), fasting glucose (1.7%), diabetes mellitus (1.2%), alcohol intake (5.7%), and WBC count (0.01%). In the subgroup used for analysis of aneurysm volume, these values ranged from 0% to 3.7%. Missing values for these variables were imputed using the expectation-maximization algorithm based on the cardiovascular variables, WBC count, alcohol intake, and aneurysm presence. Some measurements were only performed in specific subcohorts of the Rotterdam Study, resulting in limited available data on such variables. Accordingly, diet score, physical activity, CRP, and estradiol were available in only 77.7%, 62.1%, 49.8%, and 49.6% of the participants, respectively. For these variables, we analyzed the data using complete-case analysis, while still adjusting for other variables in models 1 and 2. For data analysis, R version 3.4.1 was used ([www.cran.r-project.org](www.cran.r-project.org)).

Results
=======

In nearly all cases, the MRI scan was acquired after the assessment of determinants, with a median time interval of 20 days (interquartile range, 12--56). The mean age at time of brain MRI was 64.4 years (SD=10.9 years), and 55.0% of participants were female (Table [1](#T1){ref-type="table"}). The prevalence of UIAs was 2.3% (95% CI, 1.9--2.7), with a prevalence of 2.9% (95% CI, 2.3--3.4) in females and 1.7% (95% CI, 1.2--2.1) in males, respectively. Median maximum diameter of UIAs was 5.7 mm (interquartile range, 4.6--8.2) and median volume 61.1 mm^3^ (interquartile range, 33.2--134.0). Almost all aneurysms were saccular (95.3%). Most frequently affected artery was the anterior communicating artery (16.8%). Only 6 aneurysms (4.1%) were located in the posterior circulation.

###### 

Characteristics of the Study Population

![](str-51-2103-g002)

In age- and sex-adjusted analyses, we found female sex (odds ratio \[OR\], 1.75 \[95% CI, 1.22--2.54\]), hypertension (OR, 1.52 \[95% CI, 1.02--2.30\]), smoking (OR, 3.89 \[95% CI, 2.38--6.50\]), CVD history (OR, 1.91 \[95% CI, 1.12--3.11\]), and WBC count (OR, 1.11 per 10^9^/L increase \[95% CI, 1.04--1.19\]) to be associated with the presence of UIAs (Table [2](#T2){ref-type="table"}, model 1). In the fully adjusted analyses, female sex (OR, 1.92 \[95% CI, 1.33--2.84\]), hypertension (OR, 1.73 \[95% CI, 1.13--2.68\]), and smoking (OR, 3.75 \[95% CI, 2.27--6.33\]) remained associated with presence of UIAs (Table [2](#T2){ref-type="table"}, model 2).

###### 

Determinants for the Presence of Unruptured Intracranial Aneurysms
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In age- and sex-adjusted analyses, we did not find any of the determinants to be associated with volume (Table [3](#T3){ref-type="table"}) of UIAs. In fully adjusted analyses, only WBC count was found to relate to aneurysm volume (β=33.6 mm^3^ per 10^9^/L increase \[95% CI, 3.92--63.5\]). After stratifying for sex (Tables I and II in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.029296)), we found that only in females, WBC count was associated with aneurysm volume (β=39.3 mm^3^ per 10^9^/L increase \[95% CI, 0.35--78.2)).

###### 

Determinants of Volume of Unruptured Intracranial Aneurysms
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Discussion
==========

In this study among middle-aged and elderly community-dwelling individuals, we found female sex, hypertension, and smoking to be associated with the presence of an UIA. Other lifestyle factors, such as alcohol use, diet, and physical activity, did not influence the presence of UIAs. We found WBC count to be associated with volume of UIAs in the general population.

The results of this study are largely in agreement with results from previous research. However, the effect of female sex appears to be less strong in the general population than a previous clinical study among patients with a history of subarachnoid hemorrhage indicated.^[@R8]^ Besides obvious differences in study population, which may explain this, another interesting explanation of this difference may also be that women are more prone to aneurysm rupture than men. Nevertheless, that would be in contrast with the largest meta-analysis investigating risk factors for aneurysm rupture,^[@R9]^ which did not find female sex as a risk factor for aneurysm rupture. Furthermore, our reported prevalence of posterior circulation aneurysms is lower than in previous studies.^[@R2]^ This can be explained by their tendency to be smaller, leading to lower detection and thus an underestimation in our study, as we did not use diagnostic computed tomography or magnetic resonance angiography. An alternative explanation for the discrepancy is the higher prevalence of such aneurysms in populations with comorbidities, which were overrepresented in previous studies, than in the general population. Finally, these aneurysms are more prone to rupture,^[@R9]^ which may have led to underrepresentation in the current study.

Hypertension is thought to exert its effect on formation of UIAs by increasing hemodynamic stress on cerebral vessel walls and subsequent remodeling of the vessel wall.^[@R20]^ As previous research suggests that hypertension is associated with increased risk of aneurysm growth,^[@R6]^ and thus potentially with aneurysm size, it is possible that hypertension causes aneurysm growth through similar mechanisms. Nonetheless, we did not find a relationship between aneurysm size and hypertension in the general population. This may be partly explained by the fact that a considerable number of participants with hypertension use antihypertensive medication, thereby attenuating the association. Conversely, it is possible that daily or long-term fluctuations in blood pressure influence aneurysm presence and size. Investigating such an association requires long-term and extensive blood pressure monitoring but may be helpful in dissecting the cause of UIAs.

Several studies^[@R5]--[@R8]^ have previously demonstrated the considerable, detrimental effects of smoking on aneurysm formation, although the exact pathophysiological pathways remain undefined. The findings of this study support these studies and point to smoking as one of the major known modifiable risk factors of aneurysm presence. Preventative measures of UIAs focusing on cessation of smoking may therefore prove to be highly successful. There was an incremental increase in risk of aneurysm presence across nonsmokers, previous smokers, and current smokers, which supports the hypothesis that cessation of smoking may at any given moment prove helpful in prevention of intracranial aneurysms.

Despite playing a considerable part in many CVDs, such as coronary heart disease and stroke,^[@R10],[@R11]^ we found no role of other lifestyle factors, such as alcohol use, diet, and physical activity, in aneurysm presence. These findings may call into question the efficacy of potential interventions focused on improving diet and physical activity and limiting alcohol use to prevent formation of intracranial aneurysms. However, it is possible that such interventions decrease the risk of aneurysm formation through other pathways, such as lowering blood pressure.

Interestingly, our study found WBC count to be associated with presence of UIAs. However, after adjusting for cardiovascular risk factors, this effect did not remain statistically significant. Moreover, WBC count was associated with increased aneurysm volume. Nonetheless, as this association would not survive a multiple comparison correction, it should be approached with caution. There is a growing body of evidence implicating inflammation in the formation of UIAs. Prior research has shown an association between WBC count and incidence of subarachnoid hemorrhage.^[@R21]^ Our study suggests that this association may be driven by an increased risk of aneurysm presence. Moreover, previous imaging studies^[@R22]--[@R24]^ have demonstrated vessel wall changes related to inflammation in aneurysms. Circumferential enhancement along the aneurysm wall on MRI, likely a reflection of inflammation activity, was associated with aneurysm growth (and thus size), further supporting this pathway and highlighting a potential diagnostic or prognostic role for imaging studies in aneurysm development and growth.^[@R23],[@R24]^ Finally, data from a case-control study suggest that anti-inflammatory therapies (eg, aspirin) may potentially limit aneurysm rupture,^[@R25]^ possibly in part through inhibition of aneurysm growth. A randomized controlled trial investigating the effects of aspirin and intensive blood pressure lowering on aneurysm rupture and growth is currently ongoing.^[@R26]^ The role of inflammation in aneurysm development remains controversial, and our findings should be regarded as hypothesis-generating rather than conclusive evidence.

Despite previous efforts, the pathophysiological mechanisms behind sex differences in aneurysm presence remain obscure. Hormones are a fundamental part of sex differences and may be the main underlying cause of sex differences in aneurysm prevalence. To shed light on this topic, we investigated the association of estradiol levels with UIAs. Nevertheless, we did not find an association between estradiol levels and aneurysm presence or volume. However, it must be pointed out that the majority of women in our study was (post-)menopausal and that we did not have data on their premenopausal estradiol levels. As prevalence of intracranial aneurysms quickly increases among women after menopause,^[@R1]^ it is possible that not so much the postmenopausal level of estrogens, but more the shift in estrogen levels, is a risk factor for aneurysm formation. Longitudinal data, especially from younger subjects, are necessary to further investigate this.

Sex, hypertension, and smoking have previously been shown to be risk factors for aneurysm growth.^[@R6],[@R8]^ We therefore hypothesized that these determinants would also relate to aneurysm size in the general population. Nonetheless, besides WBC count, we did not find any of the determinants to be associated with aneurysm volume. A potential explanation is that certain determinants (eg, smoking and hypertension) cause rupture early after growth, thereby causing underrepresentation of these determinants among those with large aneurysms.^[@R27]^ However, as the vast majority of aneurysms were similar in volume, it is possible that we did not find any associations due to lack of statistical power.

The main strengths of this study are the large sample size and the population-based study design, which enabled us to assess the determinants in a truly unselected population. Knowledge on determinants in the general population is essential, as this forms the target population for interventions to prevent the development and rupture of UIAs. However, some limitations have to be considered. First, we used a proton-density T2-weighted sequence to evaluate presence of UIAs, possibly leading to underestimation of the prevalence of aneurysms and decreasing our power. The slice thickness of the PDw sequence was 1.6 mm, meaning that some aneurysms smaller than this might have been missed due to the limits in spatial resolution. However, although the found effects would be attenuated, they would remain valid. On the other hand, it is also possible that people who were judged to have an UIA did not actually harbor one. Finally, another potential limitation is the relatively homogeneous constitution of this geographically defined study population, consisting primarily of white, middle-class persons.^[@R28]^ Consequentially, our results may not be generalizable to other ethnic or socioeconomic groups.

Our results may have implications for clinical practice and future research. Although diet and physical activity show no association with the presence of UIAs, it is too early to rule out possible protective effects with respect to rupture risk, which was not studied here. Longitudinal data, with detailed registration of diet and physical activity, or intervention studies focused on promoting a healthy diet and increased physical activity are necessary in the future to further elucidate their potential role. For now, preventive strategies should be primarily focused on treating hypertension and promoting cessation of smoking.
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